Abstract. The electronic properties of superconducting Sn films (Tc ≈ 3.8 K) change significantly when reducing the film thickness down to a few nm, in particular close to the percolation threshold. The low-energy electrodynamics of such Sn samples can be probed via microwave spectroscopy, e.g. with superconducting stripline resonators.
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Abstract. The electronic properties of superconducting Sn films (Tc ≈ 3.8 K) change significantly when reducing the film thickness down to a few nm, in particular close to the percolation threshold. The low-energy electrodynamics of such Sn samples can be probed via microwave spectroscopy, e.g. with superconducting stripline resonators.
Here we study Sn thin films, deposited via thermal evaporation -ranging in thickness between 38 nm and 842 nm-which encompasses the percolation transition.
We use superconducting Pb stripline resonators to probe the microwave response of these Sn films in a frequency range between 4 GHz and 20 GHz at temperatures from 7.2 K down to 1.5 K. The measured quality factor of the resonators decreases with rising temperature due to enhanced losses. As a function of the sample thickness we observe three regimes with significantly different properties: samples below percolation, i.e. ensembles of disconnected superconducting islands, exhibit dielectric properties with negligible losses, demonstrating that macroscopic current paths are required for appreciable dynamical conductivity of Sn at GHz frequencies. Thick Sn films, as the other limit, lead to low-loss resonances both above and below Tc of Sn, as expected for bulk conductors. But in an intermediate thickness regime, just above percolation and with labyrinth-like morphology of the Sn, we observe a quite different behavior: the superconducting state has a microwave response similar to the thicker, completely covering films with low microwave losses; but the metallic state of these Sn films is so lossy that resonator operation is suppressed completely.
Introduction
Microwave spectroscopy offers experimental access to the low-energy electrodynamics of solids and can reveal important information about a wide variety of material classes [1, 2, 3, 4, 5, 6, 7] . Particularly, superconductors with their superconducting gap as characteristic energy scale in the range of µeV to meV are intensively studied with microwaves [8, 9, 10, 11, 12] . The numerous experimental challenges involved in such studies (for example sensitivity, frequency range, temperature range, sample dimensions) cannot be simultaneously overcome by a single technique, and therefore several experimental approaches have been developed [13, 14, 15, 16, 17, 18, 19] . One such method consists of resonant measurements using stripline geometry, where the sample acts as perturbation to the standing microwave pattern forming in the resonator [20, 21, 22, 23, 24, 25, 26, 27] . This is a sensitive technique which gives access to complex physical quantities like surface impedance and conductivity [20, 21, 26] . Stripline resonators can be easily operated at different discrete frequencies and therefore the spectral behavior of the material under study is accessible. Furthermore, they are compatible with typical cryogenic apparatus, which gives access to the low temperature properties, down to the mK range, of bulk as well as thin-film superconductors [19, 20, 26, 28, 29] .
Here we are interested in the electrodynamics of superconducting thin films with varying thickness, a research field that has recently attracted a lot of attention in the context of the superconductorto-insulator transition (SIT) observed in strongly, homogeneously disordered films of materials such as InO x , TiN, or NbN [30, 31, 32, 33, 34, 35] . In the present work, we also touch upon a transition between a superconducting state and a (macroscopically) insulating state as a function of thickness, but this transition is of percolative nature and thus follows a completely different mechanism [36, 37] . Superconductors with properties that depend on percolation comprise various thin-film, polycrystalline, composite and cluster-assembled materials [37, 38, 39, 40, 41] . While the percolation transition in the growth of metallic thin films depends on the evolution of their microstructure and can be identified with DC transport measurements, the electrodynamic response of such films close to percolation is of great interest throughout a wide spectral range up to optical frequencies as well [42, 43, 44] .
The main motivation of the present work, however, is not the percolation transition itself or possible direct signatures thereof in the dynamical response, but instead the role that the thickness of superconducting films plays when such films are part of certain microwave elements, namely superconducting stripline resonators. Considering conductive thin films in general, many of the electronic properties change significantly with decreasing thickness. In the case of thermally evaporated Sn, this is accompanied by structural transitions, e.g. island structure, formation of aggregates, labyrinth structure, and continuous films for increasing film thickness [45, 46, 47, 48, 49, 50, 51] . It is expected that structural transitions of Sn will lead to changes in electronic scattering, which in turn will influence the electrodynamic properties of the sample. Thus conductivity and resistivity, both for DC and microwaves, will strongly depend on thickness.
In this system of superconducting Sn films at GHz frequencies, there are three different relevant length scales, namely superconducting penetration depth λ, skin depth δ and film thickness d. As a function of temperature T , both λ and δ will change while d remains constant. Considering additionally the critical film thickness d c of the percolation threshold, one has a complex system in which the behavior of electrodynamic quantities like resistivity ρ(ω, T ) and therefore the behavior of the stripline resonator will depend on the relative size of these length scales in an intricate fashion. Slightly above percolation high losses are expected due to increased disorder of the film, which should decrease by increasing film thickness. In the state below percolation with disconnected islands an infinite DC resistivity ρ DC → ∞ is expected. It could be possible to observe non-zero dynamical conductivity when the island size is greater than the oscillatory amplitude of the conduction electrons which is governed by the microwave frequency. Therefore a frequency-dependent behavior, resulting in enhanced conductivity with increasing frequency, is conceivable.
In this article we present a study of thermally evaporated Sn films above and below percolation using superconducting Pb stripline resonators. With this contactless measurement method the microwave response of different samples ranging in thickness between 37 nm and 842 nm are measured. Furthermore, the samples are characterized by imaging the surface topography using atomic force microscopy (AFM), and in terms of conductivity DC measurements are performed.
Samples
The Sn films were thermally evaporated onto sapphire substrates (which were kept at room temperature) and are characterized using AFM and DC measurements as shown in Fig. 1 and 2 . The AFM images in Fig. 1 demonstrate the expected behavior of Sn for different thickness starting from disconnected islands at 68 nm to a labyrinth structure at 93 nm and a connected surface consisting of a superposition of islands at 348 nm. The film thickness was determined using a profilometer. DC measurements were performed in a 4 He bath cryostat using the four probe van der Pauw technique [52] . It allows the calculation of the DC resistivity of the sample independently of the actual sample shape. The DC measurements of samples with thickness 68 nm and lower resulted in not measurable high resistance which is in good agreement with the isolated structure seen in Fig. 1(a) . Thicker samples, d ≥ 93 nm, show metallic behavior with enhanced conductivity for increasing film thickness and with resistivity that is basically linear in temperature between 40 K and 300 K, as shown in Fig. 2 . For these films, the phase transition into the superconducting state can easily be detected in DC transport, as shown in the inset of Fig.  2 , at a critical temperature between T c ≈ 3.85 K and T c ≈ 3.90 K. (The origin of the upturn above T c for the 93 nm sample is not clear to us but apparently intrinsic whereas the slight differences in T c between samples might be due to uncertainty in temperature measurement.) These DC measurements suggest an insulating and a metallic regime for samples below and above percolation, respectively.
Methods
The design of the stripline resonators is shown schematically in Fig. 3(a,c) .
They are based on a planar geometry and consist of a flat strip acting as center conductor which is sandwiched between conductive ground planes below and above. These layers are separated by sapphire substrates as dielectrics (see Fig. 3(a,c) ). The center conductor acts as one-dimensional transmission line and by fabricating two gaps at distance l, which reflect most of the microwave signal, a resonator with fundamental frequency of 4.5 GHz is formed. The resonator can easily be operated at higher harmonics up to 20 GHz due to its one-dimensionality [26] . The resonator is deposited on a 10x12 mm 2 sapphire chip and has a center conductor width of W = 60 µm and height t = 1 µm. The surrounding sapphire substrate has a thickness of 125 µm and an effective dielectric constant eff ≈ 9.9 ‡. With a coupling gap of d gap = 80 µm, the resonator is undercoupled [53, 26] .
The damping of the microwave signal depends strongly on the properties of the sample replacing the upper ground plane of the resonator. The transmitted signal is mostly damped by the sample if a superconducting center strip with comparably lower losses is used, e.g. Pb with critical temperature T c,Pb ≈ 7.2 K. Below T c,Pb the microwave losses in the center conductor are much lower compared to the dissipation caused by the sample. If the material of interest is also a superconductor, this property is maintained if the sample has a considerably lower T c than the center strip, like in our case T c,Sn ≈ 3.8 K < T c,Pb .
The measured transmission of the stripline resonator shows maxima when the electromagnetic wave meets the resonance condition ν k = kc/(2 √ l) = kν 0 with fundamental resonance frequency ν 0 , permittivity of the dielectric and integer k. The resonances vanish if the temperature exceeds T c,Pb , since the losses in the normal-conducting phase of Pb are too high (for weak coupling). The measurements were performed in a 4 He bath cryostat reaching down to temperatures well below 2 K and the complex transmission parameter S 21 was recorded by a vector network analyzer (VNA). In order to correct the collected spectra, a reference spectrum at a temperature slightly above T c of Pb, i.e. 7.5 K was measured and served for calibration purposes. For this temperature resonances are not observable and therefore one can subtract the residual background from the collected spectra below T c,Pb [26] . The corrected signal shows a Lorentzian form which allows the calculation of the quality factor Q = ν k /∆ν k with resonance frequency ν k and full width at half maximum ∆ν k of the k-th mode. Figure 3(b,d) shows the temperature-dependent behavior of resonance frequency and quality factor and demonstrates the broad frequency range which can be covered using superconducting Pb stripline resonators. The first decrease in quality factor and resonance frequency, below 4 K, corresponds to increasing losses of the Sn sample and the second one, at higher temperatures, to the resonator going normal-conducting. The evolution of resonance frequency and quality factor when approaching T c,Sn resembles the general course that has been observed previously in numerous microwave studies of superconducting materials [17, 20, 26, 59, 60, 61] , and which can consistently be explained by losses that are increasing with temperature. To discuss the observed phenomena in terms of the fundamental material properties of a superconductor, such as conductivity or penetration depth, further analysis steps to the raw microwave data of Q and ν k are necessary, and have been performed in related studies before [20, 26, 57, 58, 59, 61] . Also for our stripline geometry, this is conceptually possible, but impeded in the present work on Sn films close to percolation due to two main reasons: firstly, the Pb resonator still is somewhat temperature-dependent in the interesting temperature range between 1.5 K and slightly above T c,Sn , which contributes a temperaturedependent background. Secondly, the different Sn samples cross different thickness regimes from much thicker to eventually thinner than the penetration and skin depths, which does not allow for a universal analytical data treatment. Instead numeric procedures could be applied as further analysis step, but in the present work we do not follow this approach as the relevant effects for our discussion are already clearly observable in the raw data.
Results and Discussion
Using the superconducting Pb stripline resonators we studied several Sn samples, varying in thickness, for temperatures from 7.2 K (just blow T c,Pb ) down to 1.5 K. Figure 4 shows quality factor and resonance frequency for several samples covering a wide range of thickness. All data were obtained at around 5 GHz. There are three different thickness regimes in which the properties of the resonator (Q as measure of losses and resonator frequency as a measure of microwave penetration) differ significantly from each other. Fig. 4(a) shows the general behavior of the quality factor Q for thick samples, d ≥ 348 nm. With increasing temperature there is a decrease of quality factor up to T c,Sn ≈ 3.8 K originating from increasing absorption of the microwave signal, i.e. by thermally excited quasiparticles. For higher temperatures Q is dominated by losses in the now metallic Sn sample, which in this range is basically temperature independent, and by losses in the Pb center conductor, where thermally excited quasiparticles lead to further decreasing Q when approaching T c,Pb . In this first regime (closed, comparably thick films) resonances are observable both in the superconducting state of the Sn sample as well as in its normal-conducting state. The corresponding temperature-dependent resonance frequencies are depicted in Fig 4(b) . For reasons of clarity and comparability, they are normalized to their maximum value. Increasing temperature leads to a decrease in resonance frequency with a distinct kink at T c of Sn (see inset). The behavior of the resonators concerning quality factor and resonance frequency is explained by considering the penetration depth λ(T ) ∝ 1/ n(T ) which increases for higher temperatures since the density n of Cooper pairs decreases. According to [26] the resonance frequency
1/2 of a stripline resonator is related to the penetration depth λ(T ), a structural constant Γ depending on the resonator geometry, and the magnetic permeability µ 0 . As reference for bulk Sn also a d = 50 µm thick Sn foil was measured exhibiting behavior similar to samples ranging in thickness down to 348 nm. This indicates for samples in this first regime bulk-like charge transport through a macroscopically connected film, which is in good agreement with the AFM pictures taken at d = 348 nm ( Fig. 1(c) ). For samples d ≤ 68 nm the resonator exhibits no observable influence of the Sn sample. In this third regime the thickness is below percolation and the quality factor as well as the resonance frequency decrease continuously as shown in Fig. 4(e) and 4(f) . In particular we do not find any features in the temperature dependence around T c,Sn . From the AFM images ( Fig. 1(a) ) we know that these films consist of isolated islands. Thus these small metallic regions are not electrically connected to ground potential, and so they cannot act as ground plane for the stripline geometry. Therefore, resonators with such films more resemble a microstrip geometry, which consists of a signal-carrying strip and just one ground plane, and which is well-documented for application as superconducting resonators as well [63, 64, 65 ]. These observations demonstrate that macroscopic, connected current paths are not only required for finite DC conductivity of Sn, but also for its microwave conductivity.
For Sn films in the intermediate regime (93 nm ≤ d ≤ 170 nm) just above percolation, the properties of the resonator differ significantly from samples of the first and third regimes, in particular between T c,Sn and T c,Pb (see Fig. 4(c) and 4(d) ). For temperatures well below T c,Sn the quality factor as well as the resonance frequency exhibit similar behavior to samples of the first regime (Fig. 4(a,b) ). However, close to T c,Sn the resonance frequency shows a more pronounced decrease when approaching the critical temperature of Sn compared to samples of the first regime. The resonances in the measured transmission spectra diminish and the quality factor decreases dramatically indicating that the loss mechanisms in the Sn sample dominate the resonator performance. For T > T c,Sn the resonances vanish and therefore the quality factor drops below measurable values. This rather disordered metallic state of Sn is too lossy for resonator operation. In [62, 66] the increased resistivity is explained by considering, additionally to the normal background scattering caused by dislocations and phonons, scattering of conduction electrons by grain boundaries.
The overall picture concerning the electrodynamic response of the Sn films that we obtain from our Comparison of the quality factor Q and the conductivity σ DC obtained by microwave and DC measurements, respectively. In the normal-conducting phase of Sn (at 4 K) the microwave measurements exhibit three different regimes (denoted with 1, 2 and 3) whereas the DC measurements suggest two regimes only, i.e. one insulating and one conductive regime. Lines are guides to the eye experiments is summarized in Fig. 5 : for the normalstate DC conductivity, σ DC = 1/ρ DC , simple behavior as function of thickness is observed as expected, namely at thicknesses below percolation, d < d c ≈ 80 nm, no macroscopic current transport is observed. For d > d c , on the other hand, a superconducting state with ρ DC = 0 is found below T c whereas ρ DC above T c strongly depends on thickness. In particular, the strong increase of normal-state conductivity σ DC above d c , shown as triangles in Fig. 5 , can be easily explained by electronic scattering at the surfaces and grain boundaries of the Sn films that are clearly visible in the AFM images and that becomes less important as the film thickness is increased. In other words, for DC transport there are only two thickness regimes.
In the microwave response, the situation is more complex, as an additional regime emerges for thicknesses right above percolation. For film thickness below percolation, regime 3, the observed resonator response with high quality factors and no visible signature of T c,Sn indicates that these Sn films do not affect resonator performance much, i.e. they do not influence the microwaves that are present in the resonator. Thus the Sn films behave like an insulator, which on a microscopic scale would be surprising, as the AFM images indicate micron-sized Sn islands, and the presence of a metallic layer on the substrate can be seen with bare eye (i.e. on the length scale of visible light).
However, the probing length scales for DC is the sample size, well beyond the island dimensions, and therefore no current path for DC transport exists, resulting in the nonconducting state found in DC measurements. The probing length scale for microwaves, which in the simplest case can be approximated by the wavelength or the device/resonator dimensions, again are much bigger than the island size and therefore the insulating sample contribution to the resonator performance in this thickness regime 3 can easily be explained.
For thicknesses right above percolation, regime 2 (d c < d < 200 nm), the continuously connected Sn regions, which allow macroscopic supercurrent transport, clearly influence the microwave resonator, as drastic changes at T c,Sn are observed. Below T c,Sn , the high Q indicates that Sn acts as superconducting, low-loss film for the microwaves.
The role of the different length scales here is evident from the resonator frequency in Fig. 4(d) : for temperatures above 3 K, approaching T c,Sn , the frequencies decrease in a pronounced fashion, much more than for the thicker films (inset of Fig. 4(b) ). For regime 2, the film thickness is of the order of the penetration depth. Therefore, part of the microwave signal can leak through the film, into the dielectric above. Thus the mode volume is substantially bigger compared to films that are much thicker (regime 3, inset of Fig. 4(b) , with no leakage into the backing dielectric), and therefore the resonator frequency is reduced. This effect becomes more pronounced as one approaches T c,Sn and the penetration depth of the Sn increases further. As expected (Fig. 4(d) ), this behavior becomes less pronounced as d increases and substantially surpasses the penetration depth for all temperatures except for very close to T c,Sn . For temperatures above T c,Sn , samples in regime 2 are metallic in DC transport, but electronic scattering at the surfaces and grain boundaries is so strong that the concomitant microwave losses suppress resonator operation completely. One might expect a relation between the mean free path l mfp of the electrons and the thickness of the film causing the difference between regime 2 and regime 1. But with a mean free path of l mfp ≈ 2.1 nm [67] and film thickness d > 93 nm this transition does not seem to be the case.
At even larger thicknesses, in regime 1, and below T c,Sn , the films are much thicker than the penetration depth λ = 34 nm for T = 0 and bulk [68] and one now finds the behavior that one generally expects for a superconducting resonator: low losses and high Q, and a temperature-dependent shift of the resonator frequency (Fig. 4(b) ) that can be explained by the penetration of the microwave: as one approaches T c,Sn from below and finally passes it, the penetration depth in the Sn increases and then, at T c,Sn , crosses over to the metallic skin depth δ(ω = 10 GHz, T = 4 K, d = 348 nm) ≈ 1.0 µm, which is basically constant in the temperature range up to T c,Pb . Since the metallic skin depth strongly depends on the microwave frequency whereas the superconducting penetration does not (except for very close to T c ), one expects that the temperature-dependent behavior slightly depends on frequency. However, with our present resolution we did not observe such an effect. The temperature evolution between T c,Sn and T c,Pb is explained by the temperature-dependent penetration depth of the Pb. Even in this regime, where the Sn is a normal metal, the microwave losses in the Sn are low enough to allow resonator operation with still substantial Q of order 10 4 .
Summary
In this article we presented a study of thermally evaporated Sn films below and above percolation. Superconducting Pb stripline resonators were used to probe the microwave response of the samples resulting in three different regimes depending on the film thickness. This behavior was not expected based solely on data of DC measurements which exhibit only an insulating and a metallic regime. Microwave measurements exhibit an intermediate regime in which the normal-conducting state of Sn is too lossy for resonator operation whereas the superconducting state only has low microwave losses. This peculiar regime is caused by the interplay of film thickness and enhanced scattering.
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